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Recombinant Semliki Forest viruses (SFV) that express one or none of the viral structural proteins were used to infect
cells and to analyze the fate of incoming superinfecting wild-type viruses. It was found that in addition to the previously
described block in replication that superinfecting viruses encounter within 15 min of infection, other mechanisms of superin-
fection inhibition occurred at later times. Over a 6-hr infection period, inhibition was seen in binding of virus to the cell
surface, in acid-activated penetration into the cytoplasm, and in uncoating of nucleocapsids. For each of these processes,
the inhibitory mechanism was investigated. In summary, we found that infection evoked several independent mechanisms
for blocking the entry and uncoating of superinfecting viruses. The results also offered new insights into the normal
processes of penetration and uncoating of SFV. q 1997 Academic Press
Superinfection exclusion, also known as homologous to analyze the entry of superinfecting SFV in BHK-21
cells. SFV is an enveloped, positive-stranded RNA virus.interference, is the inability of a virus-infected cell to be
reinfected by additional particles of the same or a closely It contains four structural proteins: the spike glycopoly-
peptides E1, E2, and E3 and a capsid protein, the Crelated virus. Depending on the virus family, the block
may occur at the level of surface binding (Bratt and Rubin, protein. The viral genome also codes for four nonstructu-
ral proteins 1–4 (nsP1–4) that constitute the viral repli-1968a,b; Steck and Rubin, 1966a,b), endocytosis (Simon
et al., 1990; Whitaker-Dowling et al., 1983) or genome case complex. The early events in SFV infection are un-
derstood in considerable detail (Kielian, 1995; Kielian andreplication (reviewed in Bangham and Kirkwood, 1990;
Huang, 1973; Lazzarini et al., 1981; Whitaker-Dowling and Helenius, 1986; Marsh and Helenius, 1989; Singh and
Helenius, 1992; Greber et al., 1994). After binding to asYoungner, 1987). For Sindbis virus, a Toga (alpha) virus
that is closely related to Semliki Forest virus (SFV), inter- yet uncharacterized receptors on the cell surface, the
viruses are internalized by receptor-mediated endocyto-ference has been shown to be manifested at the level
of RNA replication (Adams and Brown, 1985; Baric et al., sis. In the low-pH environment of the early endosome,
the spike glycoproteins undergo a conformational1983; Johnston et al., 1974; Zebovitz and Brown, 1968). It
change that allows the viral envelope to fuse with theis established remarkably rapidly; superinfecting viruses
endosomal membrane, releasing the nucleocapsid intoadded only 15 min after the primary virus fail to replicate.
the cytoplasm. The C proteins of the nucleocapsid rapidlyWhile the molecular mechanism for this effect remains
bind to the 28S RNA in the large subunit of the ribosome,unknown, the interference is likely to involve rapid se-
resulting in uncoating and release of the viral RNA (Singhquestration of essential host factors by the replicating
and Helenius, 1992; Singh, 1993; I. R. Singh, R. Wang,primary virus (Zebovitz and Brown, 1968). Alternatively, it
and A. Helenius, unpublished results). Translation of themay be caused by a block in minus-strand synthesis
viral RNA results in synthesis of the viral replicases. Posi-induced by the protease activity of nonstructural proteins
tive- and negative-stranded RNA synthesis occurs on theaccumulating in the cell (for discussion, see Strauss and
cytoplasmic surface of modified endosomes and lyso-Strauss, 1994).
somes (Froshauer et al., 1988).Here, we report the results of experiments designed
To distinguish between primary and superinfecting vi-
ruses, and thus circumvent one of the major technical
problems in studying superinfection exclusion, recombi-1 Present address: Department of Pathology, College of Physicians
and Surgeons of Columbia University, 630 West 168th Street, New York, nant Semliki Forest viruses were used (Liljesto¨rm and
NY 10032. Garoff, 1991; Suomalainen et al., 1992). In brief, the re-2 Present address: TIFR National Centre for Biological Sciences, In-
combinant SFV system consists of transfecting cells withdian Institute of Science Campus, Bangalore 560012, India.
two viral-derived RNAs. The recombinant RNA contains3 To whom reprint requests should be addressed. Fax: (203) 785-
7446. most of the viral genome but is lacking some or all of
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the genes coding for the viral structural proteins. The preinfected at 377, as described above. Uninfected cells
served as controls. Cells were placed on ice and washedstructural genes may be substituted with a heterologous
gene. The second RNA, the helper RNA, contains the with cold R-medium, and superinfecting virus—[35S]-
methionine-labeled SFV along with unlabeled SFV—atcomplete region coding for the structural proteins and
the RNA replication signals, but lacks a region required an m.o.i. of 100 was added in 0.5 ml of R-medium and
rocked at 47. At the end of 2 hr, cells were washed withfor packaging of the RNA into nucleocapsids. Hence
transfection with the two RNAs results in virus particles cold R-medium and scraped into 0.5 ml of R-medium
twice and the scraped cells were spun at 800 g for 10that contain only recombinant-derived RNA. Since the
recombinant viruses we generated lacked some or all of min. The supernatant was discarded and the pellet was
resuspended in 1 ml phosphate-buffered saline, mixedthe genes for SFV structural proteins or encoded nonviral
proteins, they allowed us to identify the roles played by with 1 ml of 20% trichloroacetic acid (TCA), and kept on
ice for at least 1 hr. TCA-precipitable radioactive counts,the individual viral proteins in inhibition of superinfection.
To analyze the fate of incoming superinfecting viruses, which are a measure of the amount of virus bound to
cells, were collected onto glass microfiber filters (GF/A,we first infected BHK-21 cells with recombinant SFV lack-
ing one or more of the SFV genes and then superinfected Whatman) and the filters washed with 10% TCA, using a
manifold filtration device connected to a vacuum pumpthem with wild-type SFV. The interval between the two
infections ranged from 15 min to 8 hr. Assays for binding, (Millipore). Filters were dried and subjected to liquid
scintillation counting.internalization, penetration, uncoating, and replication
were used to follow the fate of superinfecting viruses. To block transport of spike glycoproteins to the cell
surface, Brefeldin A was added to cells at 1 mg/ml. Con-We found that as the primary infection progressed, in
addition to the early inhibition of replication of superin- trol cells were treated with 0.1% ethanol, the solvent for
Brefeldin A.fecting virus, there were varying degrees of inhibition of
binding to the cell surface, endosomal penetration, and
Assay for internalization of virusuncoating of superinfecting virus.
This assay was performed as described in Marsh andMATERIALS AND METHODS
Helenius (1980) and Helenius et al. (1980). In brief, super-
Cells, viruses, and infection infecting virus was bound as described above. Cells
were washed with cold R-medium to remove unboundBHK-21 cells, wild-type SFV, SFV(ts-1), VSV, and
virus, R-medium at 377 was added, and the cells wereSindbis virus were grown as described (Helenius et al.,
shifted to 377 for 30 min to allow viral internalization.1980; Ka¨a¨ria¨inen et al., 1969; Huang et al., 1966; Shenk
Virus that remained on the cell surface was removedand Stollar, 1973). Recombinant viruses: SFV-c produced
with proteinase K. Cell-associated counts consisted ofthe SFV replicases and the C protein; SFV-tr produced
internalized virus. Controls consisted of cells which re-the replicases and the human transferrin receptor; and
mained on ice after the binding of virus. In these cells,SFV-trD2 produced the replicases and a deletion mutant
proteinase K removed 92–95% of bound virus.of the human transferrin receptor that was defective in
endocytosis (Kiilunen and Garoff, unpublished results;
Biochemical assay for penetration of nucleocapsidsLiljesto¨rm and Garoff, 1991; Liljesto¨rm et al., 1991; Suo-
into the cytoplasmmalainen et al., 1992). Cells were plated 2 days before
the initiation of infection, either in 32-mm dishes (1–1.5 This was a modification of the penetration assay de-
1 106 cells/dish at start of infection) or in 24-well trays scribed in Singh and Helenius (1992) and depended on
(2–5 1 105 cells/well at start of infection). Cells were the sensitivity of the penetrated C protein to trypsin di-
washed with R-medium [RPMI 1640 (Gibco), containing gestion. Cells were infected with the initial infecting virus
0.2% bovine serum albumin (BSA) and 20 mM N-2-hy- for 3 or 6 hr. [35S]Methionine-labeled SFV at a m.o.i. of
droxyethylpiperazine-N *-2-ethanesulfonic acid (HEPES), 100 was bound and allowed to internalize into cells for
pH 6.8] and incubated with the initial infecting virus at 30 min at 377. Cells were homogenized as described in
an m.o.i. of 10–100 PFU/cell in 0.4 ml of R-medium, with Singh and Helenius (1992), resulting in over 95% cell
rocking, at 4 or 377. After 2 hr, the supernatant was re- breakage. The homogenates were treated with trypsin at
moved, complete medium (GMEM, 10% tryptose phos- a final concentration of 0.1 mg/ml, in the presence or the
phate broth, 5% fetal bovine serum, 100 U/ml penicillin, absence of 1% Triton X-100, for 15 min on ice. Soybean
and 100 mg/ml streptomycin) was added, and the cells trypsin inhibitor (Sigma Chemical Co.) was added at a
were returned to 377 until superinfection was initiated. final concentration of 1 mg/ml and left for another 15 min
on ice. Samples were subjected to SDS–PAGE, fluorog-
Assay for binding of superinfecting virus raphy, and digital scanning (for details see Singh and
Helenius, 1992). Fractions not treated with trypsin wereA modification of the binding assay described before
was used (Marsh and Helenius, 1980). BHK-21 cells were used to determine the amount of total cell-associated C
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protein. Trypsin-treated samples were used to determine endocytic pathway. Cells were viewed on a Bio-Rad
MRC-600 confocal imaging system mounted on a Zeissthe amount of unpenetrated C protein, which, being in-
side the viral and endosomal membranes, was resistant Axiovert 10. Confocal settings and image analysis have
been described (Singh and Helenius, 1992). Images wereto trypsin. Subtraction of the amount of resistant C protein
from the total gave the amount of C protein that was merged using the Adobe Photoshop software to deter-
mine the extent of colocalization of C protein of incomingsensitive to trypsin and had therefore penetrated into
the cytoplasm. In control samples, where the lysate was superinfecting wild-type virus with transferrin receptor in
the endocytic pathway of cells preinfected with SFV-tr.treated with Triton X-100 before the addition of trypsin,
all the C protein was digested. Very small amounts of C
protein became trypsin sensitive when cells were treated Staining with acridine orange
with 25 mM monensin, added 1 hr before as well as
Cells infected for 6 hr with wild-type and recombinantduring virus binding, to inhibit viral penetration (Helenius
SFV were incubated with 1 mM acridine orange in me-et al., 1982) or when cells were maintained on ice so
dium for 45 min at 377 (modified from Kundra and Dean,that no virus could internalize or penetrate.
1990). Cells were shifted to ice, washed, mounted in PBS,
and visualized on the Zeiss Axiophot immunofluores-Antibodies and indirect immunofluorescence
cence microscope.
Rabbit antiserum to detergent-free oligomers of spike
glycoproteins was made according to methods de- Uncoating of superinfecting nucleocapsids
scribed in Balkarova et al. (1981). Mouse monoclonal
A sedimentation assay for uncoating was performedantibodies to C protein (Greiser-Wilke et al., 1989) were
as described in Singh and Helenius (1992).a gift of Dr. Irene Greiser-Wilke (Hannover Veterinary
School, Hannover, Germany). Mouse monoclonal anti-
RESULTSbody to the human transferrin receptor was generated
by Thomas Ebel (Karolinska Institute, Huddinge, Sweden)
For Sindbis virus, superinfection exclusion has been
and described in Liljesto¨rm and Garoff (1991). E1-a1, a
shown to take effect within 15 min of infection with the
mouse monoclonal antibody specific for the acid confor-
primary virus (Johnston et al., 1974). To determine
mation of the E1 spike glycoprotein (Kielian et al., 1990),
whether such early inhibition of superinfection also oc-
was provided by Dr. Margaret Kielian (Albert Einstein
curs for SFV, BHK-21 cells were first infected with SFV-tr,
School of Medicine, Bronx, NY).
a recombinant virus that codes for the human transferrin
Cells grown on glass coverslips for 2 days were prein-
receptor instead of the viral structural proteins (Kiilunen
fected with recombinant SFV expressing the human
and Garoff, unpublished results; Liljesto¨rm et al., 1991).
transferrin receptor at an m.o.i. of 100 PFU/cell, as de-
To superinfect, wild-type SFV was used. Indirect immuno-
scribed above. Three or six hours after infection, cells
fluorescence using a monoclonal antibody against the
were shifted to ice and bound with wt-SFV at a m.o.i. of
human transferrin receptor detected infection by SFV-tr,
100 or 1000 PFU/cell. The higher multiplicity was used
and polyclonal antibodies against the E2 spike protein
to visualize signal from incoming viral proteins. When
detected infection by wild-type SFV.
only the incoming viral proteins needed to be visualized,
When the two viruses were added to cells at the same
virus internalization was carried out in the presence of
time, each at 5 infectious units (IU)/cell, virtually all cells
200 mM puromycin (Sigma Chemical Co.) to inhibit pro-
were infected with both viruses (Figs. 1A and 1B). When
tein synthesis and thus avoid confusion between incom-
the SFV was added to cells only 15 min after the primary
ing and newly synthesized viral proteins. After a given
virus (SFV-tr), fewer than a third of the cells were infected
time at 377, cells were washed with cold phosphate-
with it (Figs. 1C and 1D). A head start of 15 min was thus
buffered saline, fixed with 3% paraformaldehyde, and pro-
sufficient to establish interference in most cells.
cessed for indirect immunofluorescence (described in
The efficiency of interference was dependent on the
Martin and Helenius, 1991). Antibodies against proteins
multiplicity of superinfecting virus. Thus, when the super-
specific to infection with the two viruses were used. Cells
infecting virus was added at a 10-fold higher m.o.i. (50 IU/
were visualized on the Zeiss Axiophot immunofluores-
cell), the block to superinfection was overcome in most of
cence microscope or subjected to scanning laser confo-
the cells (Figs. 1E and 1F). This was true even when the
cal microscopy.
50 IU/cell of superinfecting virus was added 30 min after
the primary virus (data not shown). However, when theScanning laser confocal microscopy
delay between the addition of the primary and the super-
infecting virus at the high m.o.i. was 3 hr, superinfectionCells were labeled with Texas red or fluorescein iso-
thiocyanate-conjugated antibodies, to label the C protein occurred in fewer than 1% of cells (Figs. 1G and 1H).
We concluded that the earliest block to superinfectionor the spike glycoproteins or with rhodamine-labeled
transferrin (5 mg/ml), to label transferrin receptor in the could be established as early as 15 min after SFV infec-
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tion, i.e., at a time when the first primary viruses had just
entered the cytoplasm (Helenius et al., 1982). For 30 min
after primary infection, the interference could be broken
by high doses of superinfecting virus. Thus superinfec-
tion exclusion in SFV-infected cells was similar to that
observed for Sindbis virus (Adams and Brown, 1985;
Baric et al., 1983; Johnston et al., 1974; Zebovitz and
Brown, 1968).
Binding of superinfecting virus
To determine if infected cells could bind superinfecting
virus, cells were infected with wild-type SFV and at differ-
ent times after infection radiolabeled superinfecting SFV
was bound. We found that with longer periods of infec-
tion, less of the superinfecting virus bound (Fig. 2A, no
BFA). Cells infected for 8 hr bound only 35% of superin-
fecting virus compared to uninfected cells. This inhibition
could be caused by decreased receptor numbers due
to inhibition of host-cell protein synthesis. Alternatively,
newly synthesized spike glycoproteins or newly released
progeny virus particles could compete for viral receptors.
To test these possibilities, cells were treated for up to
8 hr with 1 mg/ml of Brefeldin A, which inhibits transport
of glycoproteins to the cell surface (Klausner et al., 1992).
This did not affect binding of SFV to the cell surface
(Fig. 2A, /BFA) compared to control cells. From this,
we inferred that down-regulation of the receptors was
unlikely to play a significant role in the inhibition of virus
binding.
The possibility that the presence of newly synthesized
SFV glycoproteins on the cell surface decreased binding
of superinfecting virus was tested using a temperature-
sensitive mutant, SFV(ts-1), as primary virus. The spike
FIG. 2. Binding of SFV to infected cells. Cells were infected with theglycoproteins of ts-1 are retained in the endoplasmic
primary infecting virus at 100 PFU/cell. The primary infecting virus was:reticulum at the nonpermissive temperature of 397 (Ka¨a¨ri-
(A) wild-type SFV, with and without Brefeldin A, (B) SFV(ts-1), (C) SFV-
a¨inen et al., 1980; Saraste et al., 1980). At the permissive trD2, VSV, and Sindbis virus. Two, four, six, and eight hours after
temperature of 327, they are efficiently transported to the infection, superinfecting [35S]methionine-labeled SFV was bound to
these cells at 47 for 90 min. Cells were washed and scraped and thecell surface. As seen in Fig. 2B, there was no decrease
amount of cell-associated, TCA-precipitable radioactivity was deter-in the binding of superinfecting virus when the infected
mined. The amount of radioactivity associated with uninfected cellscells were maintained at 397, while cells at 327 showed
was taken as 100%.
an inhibition in binding similar to that seen in cells in-
fected with wild-type SFV. Thus, transport of spike glyco-
proteins to the surface correlated with decreased binding
of superinfecting virus, suggesting that the spike glyco- to that of SFV-preinfected cells (Fig. 2C). Cells infected
with vesicular stomatitis virus (VSV), which express aproteins or budded virus particles interfered with virus
binding. large amount of G protein on their surface, showed a
similar decrease in binding of SFV (Fig. 2C). Moreover,Surprisingly, we found that interference was not spe-
cific for SFV spikes. Cells preinfected with Sindbis virus, cells infected with SFV-trD2, a recombinant virus that
codes for a non-recycling variant of the human transferrina closely related alphavirus that does not share receptors
with SFV, caused inhibition of SFV binding comparable receptor instead of the viral spike glycoproteins and C
FIG. 1. Replication of superinfecting virus. Cells were infected with SFV-tr at a m.o.i. of 5 IU/cell. Wild-type SFV was the superinfecting virus and
was added to cells either at the same time as the primary virus (A and B) or 15 min later (C–F) or 3 hr later (G and H). Superinfecting virus was
added at either a m.o.i. of 5 IU/cell (A–D) or at 50 IU/cell (E–H). Five hours after infection, cells were stained with a monoclonal antibody to the
transferrin receptor (panels on left) and polyclonal antibodies to the E2 spike glycoprotein (panels on right).
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protein (Kiilunen and Garoff, unpublished results), also
displayed reduced SFV binding (Fig. 2C).
Thus, it was evident that inhibition of SFV binding to
infected cells was caused by the expression of SFV
spike glycoproteins but the effect was probably not a
specific one, since overexpression of unrelated glyco-
proteins had similar effect. That SFV-trD2, a recombi-
nant virus that does not produce progeny viruses,
caused inhibition suggested that competition between
superinfecting and progeny virus for surface receptors FIG. 3. Penetration of SFV is reduced in infected cells. Cells were
infected with wild-type SFV at a m.o.i. 100 PFU/cell. Two, four, and sixwas not a major factor.
hours after infection, [35S]methionine-labeled SFV was prebound at 47
and allowed to internalize at 377 for 30 min. Uninfected cells, whereInternalization of superinfecting virus
the virus entered by endocytosis (E), or uninfected cells that remained
at 47, to retain virus on the cell surface (S), or cells treated with monen-Next, we determined whether viruses that bound to
sin (M), which inhibits viral penetration, served as controls. Alternateinfected cells were efficiently endocytosed. Three and lanes show untreated and trypsin-treated samples. E2, E1, and C iden-
six hours after the initial SFV infection, [35S]methionine- tify the positions of the spike glycoproteins and the capsid protein. C
labeled SFV was bound at 47, followed by incubation (% control) measured the amount of C protein, with the no-trypsin con-
trol being 100% in each case.at 377 for 30 min. Proteinase K was used to release
viruses that were still surface-bound (Marsh and Hele-
nius, 1980). Cell-associated radioactivity represented
cells treated with monensin or to cells that remained at
internalized virus.
47 after virus binding (24 and 0%, respectively). Note
Internalization of superinfecting virus proceeded as it
again, that the total amount of labeled cell-associated
did in uninfected cells (data not shown, Singh, 1993),
virus at 6 hr of infection was less than that of uninfected
although the total signal was lower in infected cells as
cells because of the decreased virus binding.
a result of lowered initial virus binding (described above).
We also used immunofluorescence and confocal mi-
Similar results were obtained when cells were prein-
croscopy to determine whether the superinfecting virus
fected with the recombinant SFV-tr (expressing the SFV
penetrated into the cytoplasm. Cells were infected with
replicases and the human transferrin receptor) or SFV-c
SFV-tr at a m.o.i. of 10 IU/cell. Three or six hours after
(expressing SFV replicases and the C protein) or when
infection, wild-type SFV was prebound to cells at a m.o.i.
the superinfecting virus was internalized for time periods
of 1000 PFU/cell at 47 and allowed to internalize at 377
other than 30 min (data not shown). Thus, infection did
for 30 min. (A high m.o.i. was required to visualize incom-
not affect the efficiency of endocytic uptake of superin-
ing viral proteins.) Cells were processed for double im-
fecting virus.
munofluorescence using antibodies to the spike glyco-
proteins and to the C protein.Penetration of superinfecting virus
We have previously reported that in the early stages
of internalization the spike glycoproteins and C proteinWe investigated whether the internalized superin-
fecting viruses delivered their nucleocapsids into the cy- colocalize in vacuoles (Singh and Helenius, 1992). After
15–30 min of internalization, the C protein is distributedtoplasm. Cells were infected with SFV-tr, SFV-c, and wild-
type SFV at a m.o.i. of 10 to 100 PFU/cell. At various throughout the cytoplasm in a grainy pattern, whereas
the spike glycoproteins remain associated with endo-times after infection, superinfecting [35S]methionine-la-
beled SFV was bound at 47 and allowed to internalize cytic vacuoles. This distribution of the C protein is a
result of penetration and subsequent uncoating of theat 377 for 30 min. To controls, we added monensin, a
carboxylic ionophore that elevates endosomal pH and nucleocapsid when it enters uninfected cells (Singh and
Helenius, 1992). The pattern observed when superin-inhibits SFV penetration (Marsh et al., 1982). Cell homog-
enates were treated with trypsin to determine the amount fecting SFV was allowed to enter cells 3 hr (Fig. 4A) or
less after primary infection with SFV-tr was similar to thatof C protein that had penetrated into the cytoplasm and
therefore lost protection afforded by the viral and endoso- seen in noninfected cells. This suggested that penetra-
tion was normal. However, in cells that had been infectedmal membranes (see Materials and Methods).
Two hours after primary infection, the fraction of super- for 6 hr, vacuolar colocalization of spike glycoproteins
and C protein persisted long after internalization. A simi-infecting viral nucleocapsids that penetrated into the cy-
toplasm (87%) was comparable to the amount of viral lar pattern was seen for endocytosed transferrin when
cells infected with SFV-tr for 6 hr were allowed to bindnucleocapsids penetrating in uninfected control cells
(82%) (Fig. 3). However, 6 hr after infection, very few (12%) and internalize fluorescent-labeled transferrin in addition
to the superinfecting wild-type SFV. Transferrin labelssuperinfecting viral nucleocapsids penetrated. Penetra-
tion efficiency was comparable to that seen in uninfected only the endosomal vacuoles (Podbilewicz and Mellman,
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FIG. 4. Superinfecting SFV did not penetrate into the cytoplasm of cells infected for 6 hr. Cells were infected with SFV-tr for 3 hr (A) or for 6 hr
(B and C). Wild-type SFV and rhodamine-labeled transferrin were then bound to these cells at 47 and allowed to internalize at 377. Cells were
processed for immunofluorescence, stained with antibodies against C protein, and visualized by confocal microscopy. At 3 hr there was not sufficient
transferrin receptor expressed on the cell surface to bind detectable amounts of transferrin. (A) and (B) were stained for C protein; (C) showed
localization of rhodamine-labeled transferrin in the endocytic pathway.
1990). A significant amount of the superinfecting virus curs in the spike glycopolypeptides E1 and E2, altering
their sensitivity to trypsin (Kielian and Helenius, 1985).colocalized with vacuoles that were labeled with trans-
ferrin, and none of the C protein was seen outside the The change in sensitivity depends on whether the diges-
tion is carried out at 47 or 377. E1 and E2 in the neutralvacuoles (Figs. 4B and 4C). These results indicated that
superinfecting SFV was efficiently endocytosed but the pH conformation are both resistant to trypsin digestion
at 47. When exposed to pH below 6.2, E2 becomes trypsinnucleocapsids did not penetrate into the cytoplasm.
Why did the superinfecting virus fail to penetrate? Fol- sensitive and E1 remains trypsin resistant. When radiola-
beled SFV was allowed to enter uninfected cells, andlowing the course of [35S]methionine-labeled superin-
fecting virus in infected cells, we found that the virus the cell lysates were digested with trypsin at 47, the E2
polypeptide converted to its sensitive conformation (onlywas not degraded: as much as 70% of the viral protein
remained intact for 1 hr following virus internalization 18% remained intact), indicating that it was exposed to
low pH (Fig. 5, lanes 1 and 2). When the virus entered(data not shown). In uninfected cells, maximal viral pene-
tration occurs within 15– 30 min, during which almost all uninfected cells in the presence of monensin, 42% of
the viral proteins are intact (Singh and Helenius, 1992).
A possible reason for the lack of penetration was
that endocytic vesicles in infected cells were not as
acidic as those in uninfected cells. A pH of 6.2 or lower
is essential for the SFV spike glycoprotein to undergo
the conformational change leading to fusion (Kielian
and Helenius, 1985). Therefore, we stained cells with
acridine orange, a metachromatic dye that responds
to the formation of pH gradients in membrane vesicles
by changes in its absorbance and fluorescence prop-
FIG. 5. Sensitivity of the spike glycoproteins of internalized viruserties (Palmgren, 1991). Infected cells showed a vacuo-
to trypsin digestion. [35S]Methionine-labeled virus was prebound andlar staining similar to that seen in uninfected cells (data
internalized into uninfected cells (UI), into uninfected cells treated with
not shown, Singh, 1993). In cells treated with monen- monensin (UI / M), and into cells infected with wild-type SFV for 6 hr
sin, where the endocytic pathway is not acidic, such (6). Cells were then lysed with Triton X-100 and the lysates treated
with trypsin (/) at either 4 or 377. Untreated samples (0) served asa pattern was not seen. This indicated that acidic vacu-
controls. Lysates were then run on SDS gels. The positions of the E1oles existed in infected cells.
and E2 proteins on the gel are indicated on the left. E1 and E2 (%
Next, we tried to determine whether the superinfecting control) measured the amounts of E1 and E2 protein, respectively. For
virus reached these acidic compartments. It is known each condition, the amount of E1 or E2 present without trypsin treat-
ment was taken as 100%.that upon acid exposure, a conformational change oc-
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E2 remained intact (lanes 3 and 4). Importantly, when base (Fig. 7). Ammonium chloride was chosen over mo-
nensin because the pH in the endocytic compartmentssuperinfecting SFV entered infected cells 6 hr after pri-
mary infection (lanes 5 and 6), 54% of E2 remained intact. is known to return to the normal acidic levels within 1
min of removal of the agent (Poole and Ohkuma, 1981).This suggested that SFV did not reach compartments
sufficiently acidic to activate the viral spike proteins. SFV was bound to the cells at 47, at a m.o.i. less than
1 PFU/cell, in the continued presence of ammonium chlo-When the trypsin digestion is carried out at 377, E1’s
trypsin resistance is diagnostic for the low pH conforma- ride. The cells were then warmed to 377, allowing the
virus to be endocytosed in the presence of ammoniumtion: at neutral pH, E1 is sensitive but when acid-treated,
some of it becomes resistant. When the virus entered chloride. As long as ammonium chloride is present, the
virus is unable to penetrate into the cytoplasm, but ituninfected cells (Fig. 5, lanes 7 and 8), 25% of E1 became
resistant. In monensin treated cells, only 5% of E1 be- continues to move along the endocytic pathway (Hele-
nius et al., 1982). After variable periods at 377, the ammo-came resistant (lanes 9 and 10). Again, when superin-
fecting viruses entered cells infected for 6 hr, only 9% of nium chloride was washed out and the cells were re-
tained at 377. Four hours after the removal of ammoniumE1 became resistant (lanes 11 and 12), comparable to
the monensin control. Thus few superinfecting viruses chloride, cells were processed for indirect immunofluo-
rescence to determine the number of cells infected.were exposed to pH below 6.2 during entry into infected
cells, and failure to penetrate was most likely due to poor As seen in Fig. 8, when ammonium chloride was pres-
ent for the first 10 min or less, the number of infected cellsacidification of early endosomes.
Another method of determining whether the superin- was 70% of that infected in the absence of ammonium
chloride. However, when the ammonium chloride wasfecting viruses were exposed to acidic pH relied on an
antibody specific for the acid-induced conformation of present for 17 min, the number of infected cells was less
than 25% of cells infected in the absence of ammoniumE1 spike glycoprotein (Kielian et al., 1990). Cells were
infected with SFV-tr for 6 hr, after which superinfecting chloride. Almost no cells were infected when the ammo-
nium chloride was present for more than 45 min. Thesewild-type SFV was bound at 47 and allowed to be internal-
ized at 377 for 30 or 60 min. Cells were then processed results indicated that once the virus reached the late
endocytic compartments, it was incapable of penetrating,for indirect immunofluorescence and stained with two
antibodies to spike glycoproteins. The polyclonal rabbit even if the pH was low enough to allow a conformational
change. This implied that, for full infection efficiency, SFVantiserum showed a vacuolar pattern of fluorescence,
indicating the presence of virus in the endocytic organ- had to fuse within the first 10 min of endocytic uptake,
i.e., in early endosomes.elles (Figs. 6A and 6C). In infected cells, E1-a1, the mono-
clonal antibody specific for the acid-induced conforma- An identical experiment was performed with influenza
virus, which, because of its requirement for lower pH oftion of the E1 spike glycoprotein, stained only a small
subset of vesicles stained by the polyclonal antibody fusion (pH 5.2), usually penetrates from late endosomes.
We found that influenza fusion was not affected if the(Figs. 6C and 6D). Their perinuclear location suggested
that they were lysosomes. In uninfected cells, the stain- ammonium chloride was present for up to 45 min, but
less than 20% of cells were infected when the ammoniuming patterns with the two antibodies were almost identi-
cal (Figs. 6A and 6B), indicating that almost all endocytic chloride was present for 60 min (not shown). We also
found that it was possible to superinfect SFV-infectedvesicles containing the virus had an acidic pH. E1-a1
did not stain virus entering monensin-treated cells (not cells with influenza virus, again demonstrating that the
late endocytic compartments of SFV-infected cells wereshown).
These findings suggested that in infected cells, the pH acidic and competent to support influenza fusion.
Taken together, these results demonstrated that su-of early endocytic vesicles was higher than 6.2. Most of
the superinfecting virus that entered these organelles perinfecting SFV could not penetrate SFV-infected
cells, because the early endocytic vacuoles were notfailed to undergo the conformational change needed for
fusion, and consequently the nucleocapsids failed to acidic enough to allow the entering spike glycopro-
teins to undergo the conformational change essentialpenetrate into the cytoplasm.
While these results provided a satisfactory explanation for fusion. Moreover, the results showed that unlike
influenza virus, SFV cannot penetrate from late endo-for the lack of penetration from early endosomes, they
did not explain why fusion failed to occur from later or- cytic vacuoles, despite undergoing the acid-induced
conformational change.ganelles that were clearly more acidic judging by acri-
dine orange staining and by staining with the acid-confor-
mation-specific monoclonal antibody. Could it be that Uncoating of superinfecting virus
SFV can only fuse from early endosomes? To test this
possibility, experiments were performed with uninfected We have shown previously that uncoating of SFV nu-
cleocapsids occurs almost immediately after their pene-cells in which the pH in the endocytic pathway was artifi-
cially elevated using ammonium chloride, an acidotropic tration into the cytoplasm (Singh and Helenius, 1992).
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FIG. 6. Acid-induced conformational change of E1 spike glycoprotein upon internalization. Uninfected cells (A and B) and cells infected with SFV-
tr for 6 hr (C and D) were prebound with wild-type SFV at a m.o.i. of 1000 PFU/cell. The virus was allowed to internalize for 30 min. Cells were
stained with polyclonal antibodies to SFV spike glycoproteins (A and C) and with a monoclonal antibody that was specific for the acid-induced
conformation of the E1 spike glycoprotein (B and D).
The C protein binds to the large subunit of the ribosome, undergoing virus entry to velocity sedimentation sucrose
gradients. Nucleocapsids in intact viruses, either at theresulting in disassembly of the incoming nucleocapsid.
This was shown by subjecting homogenates from cells plasma membrane or within endosomes, were associ-
FIG. 8. Assay of uncoating in infected cells. Cells were infectedFIG. 7. Kinetic localization of the site of SFV penetration in the endo-
cytic pathway. Uninfected cells were pretreated with 15 mM ammonium with SFV-c and SFV-tr for 6 hr. Uninfected cells served as controls.
[35S]Methionine-labeled SFV was prebound to cells at 47 and fused atchloride to neutralize the pH with endosomes. Wild-type SFV, at a
m.o.i. of less than 1 PFU/cell, was prebound at 47 in the presence of the cell surface by treating the cells with pH 5.5 medium for 1 min.
The cells were kept in neutral medium for a further 5 min, homogenized,ammonium chloride. Cells were warmed to 377 in the presence of
ammonium chloride. At different times after the warm-up, ammonium and subjected to the velocity sedimentation assay for uncoating. The
peak near the bottom of the gradient consists of spike glycoproteinschloride was washed out. Four hours after the ammonium chloride
was washed out, cells were processed for immunofluorescence to and intact nucleocapsids. C protein that has dissociated from the viral
RNA runs at 60S with the ribosomal subunit.score number of infected cells.
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ated with cellular and viral membranes and sedimented nisms. The first, and therefore the most significant, mode
to the bottom of the gradient, while the C protein from of interference was the previously described inhibition
uncoated nucleocapsids was bound to the large ribo- of viral RNA replication seen in Sindbis virus (Johnston
somal subunit and sedimented at 60S (Singh and Hele- et al., 1974). Three to six hours later, other modes of
nius, 1992). Since the newly synthesized SFV C protein interference became apparent. These included inhibition
also binds to the large subunit of the ribosome (Ulmanen of virus binding, an arrest in virus–endosome fusion, and
et al., 1976), it has been proposed that saturation of C a block in nucleocapsid uncoating. Although the replica-
protein binding sites on ribosomes of infected cells tion block most likely remained in place throughout the
would block disassembly of both newly assembled and 16- to 20-hr infection period typically observed for these
entering nucleocapsids (Wengler, 1987). If this hypothe- viruses in mammalian cells (Strauss and Strauss, 1994),
sis were true, uncoating of superinfecting virus should it clearly became a secondary mechanism as infection
be inhibited in cells infected with wild-type SFV in the proceeded, because the virus failed to reach the replica-
later stages of infection, when there are abundant tion sites. The additional modes of interference were
amounts of newly-synthesized C protein. Along the same activated before cytopathic effects were seen, and they
lines, uncoating should proceed unhindered in cells in- occurred at a time when the cells were still capable of
fected with a recombinant SFV that lacks the gene for C normal endocytic and secretory functions and massive
protein and therefore does not produce any C protein production of viruses. The underlying causes for these
during infection. blocks were not due to general cell breakdown but were
The inefficient penetration of superinfecting viruses more specific in nature.
from early endosomes impeded the study of their uncoat- When added at moderate multiplicities as early as 15
ing. To overcome this problem, we induced penetration min after the initial infecting virus, superinfecting SFV
of the nucleocapsids through the plasma membrane. failed to express viral proteins in most cells. At this time,
We have previously shown that viruses entering cells no inhibition in binding, internalization, penetration, or
through the plasma membrane by acid-induced fusion uncoating of the superinfecting virus was observed. In
cause normal infection (White et al., 1980). Using the fact, the primary viruses had barely entered the cyto-
trypsin assay for penetration (described above), we veri- plasm (Helenius et al., 1982). It has been previously re-
fied that viruses fused into infected cells with the same ported for Sindbis virus that a short head start endows
efficiency as with uninfected cells. Virus was prebound the primary virus with the capacity to suppress the RNA
to infected cells at 47 and induced to fuse with the plasma replication of superinfecting viruses (Adams and Brown,
membrane by treating the cells with pH 5.5 medium for 1985; Baric et al., 1983; Johnston et al., 1974; Zebovitz
1 min. The cells were neutralized and kept in neutral and Brown, 1968). That this interference depended on
medium for a further 5 min to allow time for uncoating the multiplicity of superinfecting SFV and on the interval
before cells were homogenized. We have shown before between the primary infection and the superinfection
that nucleocapsids uncoat within 1 min of reaching the suggested that it is determined by the number of superin-
cytoplasm of uninfected cells (Singh and Helenius, 1992). fecting RNA molecules entering the cytoplasm.
The nucleocapsids that entered the cytoplasm of unin- Although we did not assay for RNA replication directly,
fected cells this way uncoated as efficiently as if they the early block most probably corresponded to the inhibi-
had been released following endocytosis (Fig. 8), and tion of replication previously described for Sindbis virus
the C protein dissociated from the viral RNA and sedi- (Adams and Brown, 1985; Baric et al., 1983; Johnston et
mented at 60S. The amount of labeled protein that sedi- al., 1974). The exclusion of Eastern equine encephalitis
mented at 60S represented 20% of the total viral proteins (another alphavirus) by the related Western equine en-
and almost all of the C protein that penetrated into the cephalitis virus has been attributed to competition for
cytoplasm (Fig. 8, see Singh and Helenius, 1992) replication sites or metabolites (Zebovitz and Brown,
However, when SFV was fused with cells that had 1968). The hypothesis that interference is caused by the
been infected for 6 hr, the nucleocapsids did not uncoat. sequestration of a limiting cellular factor(s) is, indeed,
It did not matter if the initial infection was with wild-type consistent with evidence showing that host factors are
SFV or with SFV-c or SFV-tr, signifying that none of the required in RNA replication (Baric et al., 1983; Barton et
structural proteins of SFV were essential for establishing al., 1991; Clewley and Kennedy, 1976; Condreay et al.,
the inhibition. Since infection with SFV-tr does not pro-
1988; Kowal and Stollar, 1981; Mento and Siminovitch,
duce any C protein, the block was clearly independent
1981). However, other mechanisms have also been pro-
of C protein synthesis. Saturation of the ribosomes with
posed (Strauss and Strauss, 1994).C protein therefore could not account for the inhibition
During advancing infection, we observed a gradualof nucleocapsid uncoating.
decrease in the capacity of the cells to bind SFV. Compe-
DISCUSSION tition for binding sites between the superinfecting virus
and progeny virus produced by the cell did not appearOur results showed that SFV-infected BHK cells were
protected against superinfection by multiple mecha- to be a significant factor in this inhibition. This was not
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surprising since we have found that a BHK cell can bind would expect, would also prevent incoming nucleocap-
sids from uncoating.and endocytose up to 40,000 virus particles (Marsh and
Helenius, 1980). Of these only 4000–6000 contribute to Our results showed that this hypothesis is incorrect.
Infection with a recombinant virus that did not expresstranscription and replication (Helenius et al., 1982). Fur-
thermore, it was unlikely that inhibition of receptor syn- any C protein (SFV-tr) also resulted in an uncoating block.
It is conceivable that a nonstructural protein, and not Cthesis, due to shutdown of host cell protein synthesis by
the virus, played a role: when exocytic transport in BHK protein, plays the central role in preventing incoming
nucleocapsids from uncoating. Nonstructural protein-2cells was blocked with Brefeldin A, no change in binding
was observed over 8 hr. Apparently the receptors for SFV of SFV has been shown to bind to the large subunit of
ribosomes (Ranki et al., 1979). It also associates with theare long-lived and do not undergo rapid replacement.
Infected cells bound only about 30% of the virus to nucleolus (Rikkonen et al., 1992), the site of ribosome
synthesis and assembly. Perhaps it binds to the sametheir surface compared to uninfected cells. We found that
this decrease in binding correlated with the expression site on ribosomal RNA as the C protein, thus inhibiting
uncoating.of newly synthesized SFV spike glycoproteins on the
plasma membrane. Evidently, the viral spike glycopro- It has been suggested that the SFV nucleocapsid is
exposed to low pH in the endosome via nonspecificteins limited the access of the superinfecting virus to the
receptors or otherwise modified the properties of the cell pores in the envelope, causing it to disassemble in the
cytoplasm (Lanzrein et al., 1993). In our experimentsurface. Overexpression of other glycoproteins such as
the VSV glycoprotein, Sindbis virus glycoproteins, and where superinfecting virus was fused from without with
the surface of infected cells, we did expose the virusthe transferrin receptor caused a similar decrease in
binding. to a low-pH buffer. Yet, the superinfecting nucleocap-
sids did not disassemble in the cytoplasm, suggestingBy 4–6 hr of infection, the penetration of the nucleo-
capsids of superinfecting SFV into the cytoplasm was that the exposure of intact virus to low pH does not
automatically lead to capsid uncoating. An alternativealmost completely inhibited. The reason was that the pH
in early endosomes was not sufficiently acidic to trigger mechanism of Sindbis virus nucleocapsid uncoating
invokes conformational changes in the nucleocapsidthe conformational change in spike glycoproteins that is
essential for fusion. Lysosomes, and perhaps also late during virus budding, which program it to uncoat upon
entry into the cytoplasm of another cell (Coombs et al.,endosomes, in contrast, remained acidic in infected
cells. Even so, we found that SFV was unable to pene- 1984). If this were the case, one would expect uncoat-
ing upon entry into cells, whether the cells were unin-trate from these late endocytic compartments. It is possi-
ble that the virus had undergone some subtle degrada- fected or infected. However, we found that the nucleo-
capsids uncoat only in uninfected cells. Further studiestion in the late compartments, which rendered it fusion
incompetent. Alternatively, the high density of negatively are needed to clarify the role of cellular and viral fac-
tors in the uncoating process.charged glycoproteins in the late endosomes (Granger
et al., 1990) may prevent access of SFV fusion proteins With progressing infection, the entry of SFV into in-
fected cells is increasingly blocked at the stage of pene-to the membrane. It is also unclear at this point why the
early endosomes become less acidic during the course tration from the endosomes and uncoating. Given the
large amount of progeny virus produced, one would ex-of SFV infection. One possibility is that association of
nonstructural viral proteins with the cytoplasmic surface pect gradual accumulation of unfused virus particles in
cytoplasmic vacuoles and unfused capsids. Interestingly,of these organelles (Froshauer et al., 1988) may interfere
with the vacuolar proton ATPases. cytoplasmic vacuoles containing intact virus particles
and decorated on their cytoplasmic surface by numerousWe found that uncoating of nucleocapsids was also
inhibited in infected cells. This was not entirely unex- nucleocapsids, called cytoplasmic vacuole II, are a diag-
nostic feature of alphavirus-infected cells (Acheson andpected since newly synthesized nucleocapsids are sta-
ble in the cytoplasm of the infected cell. The mechanism Tamm, 1970; Grimley et al., 1968, 1972). First observed
about 3 hr after the start of infection, they become promi-of SFV and Sindbis virus uncoating has been studied in
some detail: the C proteins of incoming nucleocapsids nent structures later in infection. Although generally as-
sumed to contain newly formed viruses and nucleocap-bind to the large ribosomal subunits and this binding is
necessary and sufficient for rapid uncoating of the viral sids, their morphology and their known properties are
equally consistent with vacuoles that have unfused su-RNA (Singh and Helenius, 1992; Wengler and Wengler,
1984). Since newly synthesized C protein also binds to perinfecting viruses inside and uncoating-deficient nu-
cleocapsids on the cytosolic surface.the large ribosomal subunit (Ulmanen et al., 1976), it has
been hypothesized that the newly assembled nucleocap- In summary, our results showed that superinfection
exclusion during SFV infection takes many forms.sids are stable in infected cells because the ribosomes
are saturated with newly synthesized C protein (Wengler, Each depends on changes occurring in the cell during
advancing infection. The replication of viral RNA some-1987; Wengler and Wengler, 1984). Such saturation, one
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Actinomycin D and cycloheximide on replication of Sindbis virus inhow inhibits superinfecting viruses from replicating, over-
Aedes albopictus (mosquito) cells. J. Virol. 62, 2629–2635.expression of glycoproteins on the cell surface changes
Coombs, K., Brown, B., and Brown, D. T. (1984). Evidence for a change
the properties of the plasma membrane so that virus in capsid morphology during Sindbis virus envelopment. Virus Res,
binding is reduced, the acidity of early endosomes is 1, 131–149.
Froshauer, S., Kartenbeck, J., and Helenius, A. (1988). Alphavirus RNAreduced so that fusion does not occur, and a still poorly
replication occurs on the cytoplasmic surface of endosomes andunderstood mechanism prevents uncoating of incoming
lysosomes. J. Cell Biol. 107, 2075–2086.nucleocapsids.
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